Stilbene and derivatives represent broadly applicable molecules which show characteristic absorption and fluorescence due to their conjugated -system and can therefore be photochemically excited.
Abstract: A catalytic (E)-to (Z)-isomerization of olefins using a photoredox catalyst under mild reaction conditions is presented. A variety of (Z)-alkenes can be prepared in presence of visible light. A new reaction system allows an easy and efficient scale-up, as well as a continuous flow process in which the photocatalyst is immobilized in an ionic liquid and continuously recycled by simple phase separation.
Stilbene and derivatives represent broadly applicable molecules which show characteristic absorption and fluorescence due to their conjugated -system and can therefore be photochemically excited. [1] Owing to these properties, olefins are important additives in the production of industrial dyes, [2] chromatic lasers [3] and scintillators. [4] Furthermore they continuously gain importance in the field of photophysics and photochemistry, [5] as well as biochemistry, in which they found applications as anti-cancer drugs.
[6] Especially in the latter case, precise control of the stereochemistry regarding (E)/(Z) isomers plays a crucial role. Whereas the (E)-alkene is readily accessible, the synthesis of the (Z)-isomer still poses a major challenge. Current procedures for the synthesis are Wittig reactions, [7] the Still-Genari-modification of the HornerWadsworth-Emmons reaction, [8] Pd- [9] und Ni-catalyzed [10] cross couplings of (Z)-alkenyl halides, stereoselective reductions of alkynes by Lindlar catalysis [11] or hydrometalations, (Z)-selective metathesis, [11] the Shapiro reaction [12] and Peterson olefinations. [13] The highlighted reactions allow no subsequent modifications of the double bond geometry. Also, specific functional groups and electronic environments are required that are more energy-rich than the thermodynamically harder accessible (Z)-product.
The subsequent isomerization of double bonds via UV-light has been known for many years, but is still limited in its application due to the high energy of UV-light which can lead to numerous side reactions. Additionally, reversibility of the reactions can occur. [14] Mechanistic studies by Caldwell revealed, [15] that isomerizations of the double bond in (E)--cyclopropylstyrene proceed via triplettbiradical species. Due to the ring strain radical ring-opening occurred in the case of an cyclopropyl substituent and the formation of 3-phenylcyclopentene provided proof for the biradical transition state.
In our previous efforts in the area of photoredox catalysis we concentrated on the formation of radical intermediates and applications were mainly restricted to single-electron transfers.
[16] The application of sensitizers for energy transfer processes onto the corresponding substrate was not investigated. [17] Thus, the excitation of stilbene-systems with use of the photoredox catalyst as sensitizer was the next step.
Prior to this, Osawa and co-workers realized the isomerization of 4-cyanostilbene to the corresponding (Z)-isomer. [18, 19] In this work a ruthenium complex was attached to the nitrile-group of the substrate and then photochemically excited. Weaver and co-workers published an isomerisation of (E)-amino styrenes to the corresponding (Z)-products postulating amino radicals and biradicals as intermediates, respectively. [20] In addition they reported the isomerization of styrene derivatives and allylic alcohols.
Herein, we describe a catalytic system which allows in the presence of visible light under mild reactions conditions the (E)-to (Z)-isomerization of alkenes. The reaction tolerates different solvents and can be readily scaled-up. Considering that these products are needed in larger amounts, a convenient procedure and recycling of the catalyst is highly desirable (Scheme 1).
Scheme 1.
Realization of a photoredox catalyzed isomerization for the synthesis of (Z)-olefins.
We here report on the E/Z-isomerization of stilbenes using readily available photoredox catalysts. Subsequently the influence of oxygen was examined by conducting the reaction under air, resulting in 88% conversion at a 0.2 mmol scale and 61% at 1 mmol scale ( Table 1 , entry 8 and 9). Under argon atmosphere similar results were obtained (entry 10 and 11). In order to identify influences of singletoxygen, the reaction was conducted in deuterated acetonitrile. According to the theory, decreased reactivity should be obtained, but was not observed with 95% conversion (Table 1 , entry 12) ).
[21] To further support this observation the reaction was stopped after 6 hours but still similar reactivities with 71% and 78% conversions were obtained, allowing the conclusion that singlet-oxygen is not playing a major role in this reaction ( entry C and D) , respectively. Ru-complex B only showed 22% conversion. This illustrates that both sterically demanding ligands, as well as electron-withdrawing properties have a negative influence on the reaction outcome.
In the following the question arose whether the presented reaction is in fact an equilibrium which then could be adjusted either by thermodynamic or kinetic control. In order to examine if an isomerization to the (E)-stilbene 2a was possible (Z)-stilbene 2a was applied as substrate (Table 1 , entry 17). No reversibility of the isomerization reaction could be detected concluding that the equilibrium is completely shifted towards the (Z)-stilbene 2a.
At last we tried to clarify whether a radical based mechanism is operating. Addition of TEMPO led to suppression of reaction with 18% conversion (Table 1 , entry 18), confirming our hypothesis. Referring to the work of Caldwell [15] we applied cyclopropyl derivative 2o in the reaction in order to obtain data based on a "radical-clock" and therefore gain hints regarding a biradical intermediate.
Scheme 2. Mechanistic aspects of the isomerization reaction.
Unfortunately, the substrate turned out to be inreactive in this reaction presumably due to its -system that leads to low energy absorbance from the photoredox catalyst.
However, all experiments together suggest an energy-transfer mechanism. The excitation of the photoredox catalyst results in a triplet state (2.1 eV) [25] from which the ground state S0 of the substrate (E-isomer) 1a can be excited to its corresponding triplet state T1 by energy-transfer. Since the triplet states of (E)-stilbene 1a (2.2 eV) [26] and (Z)-stilbene 2a (2.5 eV) [26] differ, only the (E)-isomer 1a can be transferred into its triplet state. Since the corresponding (Z)-isomer 2a cannot accept the energy from the photosensitizer due to higher triplet states, no reversible reaction to (E)-stilbene 1a can take place. [a] 0.2 mmol substrate 1, 3 mol% [Ir(bpy)(ppy)2]PF6, using a 11 W lamp, yields after column chromatographic purification.
Next, we evaluated the substrate scope of the developed reaction. The reaction proved to be tolerant, both with regard to different substitution patterns, as well as electronic properties of the substrates. Unsubstituted (Z)-stilbene was obtained in 98% yield and a Z/E-ratio of 99:1. The same was observed for 4,4'-dimethylstilbene 2b with two electron-donating groups in para-position. When the two methyl groups were replaced by electron-withdrawing substituents such as chlorine (2c), similar yields of 96% and a Z/E-ratio of 99:1 were obtained. Two electron-donating substituents, such as 2,2'-dimethyoxy-stilbene 2d in ortho-position led to excellent yields of 98% and a Z/E-ratio of 99:1. For 4,4'-dichlorostilbene 2e Z/E-ratios of 99:1 and slightly lower yield of 92% was obtained. A chlorine in meta-position provided the same selectivities and excellent yields of 98% (2g). Methyl groups in meta-position led to a good yield but the Z/E-ratios of 9:1 varied drastically from the other substrates (2f). This is presumably caused by the fact that the triplet state energy of both E-and Z-isomers are similar. The same seems to be applicable for mono-substitutions with -CH3 in ortho-and para-position which resulted in very good yields of 95% (2j) and 93% (2h) and a Z/E-ratio of 20:1 and 12:1, respectively. Also good results were obtained for the mono-substituted substrates with chlorine in para-(2i) and ortho-position (2k). Yields of 86% and 96% and Z/E-ratios of 99:1 were obtained in these cases. In the same way, good results were obtained with strongly electron-withdrawing groups such as trifluoromethyl in meta-position (2l). Chalcone derivative 2m showed excellent conversions, however the Z/E-ratios of 6:1 were lower. For more complex campher derivate 2n excellent selectivities of 99:1 and a yield of 85% was obtained.
Regarding economic and ecological aspects recycling of the catalyst is indispensable. Therefore we decided to develop a new reaction technique in which a 2-phase system is applied. The photosensitizer should be, due to its charge, well absorbable in ionic liquid (IL) [22] phase whereas the olefin should be readily separable using a corresponding apolar solvent phase. In order to test this hypothesis we conducted the isomerization of 1a to the corresponding (Z)-olefin 2a using a 2-phase system. Separation was readily achieved when a 2-phase system consisting of toluene/[bmim/BF4] was applied. Using this protocol eight cycles were carried out using the same photocatalyst@IL system. Remarkably no loss of reactivity was observed (Table 3) clearly demonstrating the effectiveness of this new photocatalyst immobilization method. To improve this methodology even further we decided to develop a continuous flow reaction. In particular the use of a larger scale would demonstrate the applicability of this new method. Thus, we started our investigation by using a glas microreactor through which a 0.1 M solution of stilbene 1a and 3 mol% [Ir(ppy)2(bpy)]PF6 was pumped under light irradiation ( Table 4) . The previously applied 11 W lamp did not show any conversions even with lower flow rates of 1 mLh -1 . However, with bluelight high-power LEDs flow rates up to 10 mLh -1 were achieved. In contrast to the previously applied long reactions times of 18 h, the space-time-yield could be significantly increased using the new flow system. To increase the sustainability of the system, the continuous recycling and reapplication of the precious photoredox catalyst is imperative (Scheme 3). This can be achieved by a immediate reuse of the photocat@IL system. After passing through the microreactor the n-pentane phase with stilbene 1a separated effectively from the photosensitizer@IL phase. The latter was directly pumped back into the reactor where reaction with the substrate occurs. Using this novel microflow photochemistry [23, 24] set up flow rates up to 10-20 mLh -1 and quantitative conversions (1.8 g scale) were achieved without loss of photoredox catalyst.
In summary the visible light mediated E/Z-isomerization of alkenes in presence of different photosensitizers was achieved. Otherwise not-readily accessible (Z)-olefins can thus be obtained in good to very good yields. The presented catalytic isomerization represents an improved methodology if compared to conventional methods for the synthesis of (Z)-alkenes as it i) displays a subsequent isomerization of easily accessible (E)-alkenes; ii) uses visible light and mild reaction conditions without use of any additives; and iii) can be conducted in continuous flow system using a new photocatalyst in ionic liquid immobilization technology. In particular, the transfer to immobilized multi-phase batch and flow system underlines the attractiveness of the presented methodology especially with regard to its synthetic application. Investigations concerning a detailed reaction mechanism and its application towards more complex syntheses is currently on-going in our group. 
